The interest in arrays of pseudo-one-dimensional ferromagnetic nanoobjects stems from their potential application to high-density data storage. 1 This communication reports on the fabrication of iron oxide nanotubes by atomic layer deposition (ALD) and the opportunities thus afforded in the magnetic realm.
Among the different geometric types of objects, tubes offer an additional degree of freedom in their design as compared to wires, in that not only the length and diameter can be varied but also the thickness. Changes in thickness are expected to strongly affect the mechanism of magnetization reversal and thereby the overall magnetic responsesin particular, the remnant magnetization. 2 The physics of ferromagnetic nanotubes, however, have remained illdefined to date for lack of systems amenable to systematic experimental variations in the geometric parameters and study of the corresponding variations in the magnetic behavior. 3 Common experimental limitations include difficult synthesis of magnetic tubes of sub-100 nm diameter, 2b granularity of the tube structure, 3, 4 and inhomogeneities in thickness and/or diameter. 5 In contrast to this, atomic layer deposition (ALD) of magnetic materials can be applied to ordered porous substrates to yield arrays of smooth tubes with a geometry that is (a) tightly controlled and (b) widely tunable. 6 Our focus on iron oxides results from their unique position among the magnetic materials in terms of abundant availability and biocompatibility.
Water and the homoleptic dinuclear iron(III) tert-butoxide complex, Fe 2 (O t Bu) 6 , 7 were used for ALD of Fe 2 O 3 . When the Fe 2 (O t Bu) 6 precursor was heated to 100°C, a temperature window was found between 130 and 170°C in which the solid deposits in amounts proportional to the number of reaction cycles. At lower temperatures, deposition does not occur as judged from the absence of color. The onset of Fe 2 (O t Bu) 6 thermal decomposition sets the upper limit of ALD. 7 When the process is carried out with a selfordered porous anodic alumina membrane 8 as the substrate, the internal walls are covered conformally with a smooth layer of Fe 2 O 3 , yielding arrays of tubes of aspect ratios up to 100, the growth rate being 0.26((0.04) Å cycle -1 , as displayed in Figures 1 and S9 . The results are unaffected by preliminary and/or subsequent ALD of ZrO 2 or TiO 2 , which can be used to facilitate the preparation of samples for electron microscopy (see Supporting Information). X-ray photoelectron spectroscopy (XPS) confirms the identity of the deposited material to be Fe 2 O 3 , albeit with a high carbon content ( Figure S6 ). The amount of C decreases with depth, which could be due to residual superficial tert-butoxide ligands unhydrolyzed by their first exposure to water. Selected-area electron diffraction (SAED) indicates that the tubes are nanocrystalline, with only very short-range order. Relative to the ALD processes reported to date for iron metal or its oxides, based either on an iron(II) amidinate and H 2 or on an iron(III) acetylacetonate and O 2 or O 3 , 9 the novel method simultaneously improves the growth rate, the smoothness, and the aspect ratios accessed vastly. Its low deposition temperature also makes it attractive for nanostructuring applications based on selected biotemplates. 10 Reduction of the Fe 2 O 3 nanotubes in the Al 2 O 3 matrix by 5% H 2 /95% Ar at 400°C converts Fe 2 O 3 to Fe 3 O 4 , 11 as substantiated by XPS ( Figure S6 ). The transformation is accompanied by a color change from golden or coppery brown to black, commensurate with the decrease in band gap. The reduced tubes are air-sensitive and were kept under inert atmosphere by depositing a macroscopic layer of polystyrene onto the membranes. This protection allows for their convenient handling in air without appreciable degradation over a period of days to weeks.
The Fe 3 O 4 tubes behave as hard ferromagnets at 300 K, as shown by SQUID data (Figure 2) . At lower temperatures, the magnetic hystereses widen, an approximate doubling in coercive field being usually observed between 300 and 5 K ( Figure S2 ). Temperaturedependent magnetization data ( Figure S4 ) do not show any abrupt change indicative of a crystallographic phase transition (Verwey transition), 12 an observation consistent with a glassy structural state.
Coercive fields (H c // ) as high as 76. nanoobjects. 2b,5,13 More importantly, our synthetic approach offers the unique opportunity to vary the geometry of the tubes at will and in a tightly controlled fashion. Figure  S7 ). Consequently, we ascribe the latter to the interaction of each tube with the stray fields produced by the arraysan effective antiferromagnetic coupling between neighboring tubes, which reduces H c // as previously demonstrated for the case of nickel nanowires. 1d,15 Indeed, the stray field produced by the ensembles of nanotubes at magnetic saturation are significant, on the order of 45 mT for d w ) 7 nm and 85 mT for d w ) 15 nm (see Supporting Information). The experimental magnetic anisotropy of the tube arrays further corroborates our interpretation, in that applying the external field H perpendicular to the long axis (z) of the tubes instead of parallel to it results in large H c ⊥ values (on the order of 60-70 mT, virtually independent of d w , Figure S3 ). This observation, which contrasts the situation of isolated tubes (presenting the easy magnetization axis on z), is a recognized hallmark of strong interactions between magnetic neighbors. 16 The results of this communication highlight the importance of a well-controlled chemical synthesis in the context of solid-state physics. 17 For the preparation of well-defined, tunable, ordered nanostructures, ALD has proven to be the ideal method. It has enabled us to observe a strong size dependence in the magnetism of Fe 3 O 4 nanotubes and identify an optimal thickness. A more thorough understanding of the phenomenon unveiled here will be required for engineering future high-density data storage systems. Our findings warrant detailed analytical investigation of the ALD reaction (particularly with regard to the C content of the deposited film), further experimental study on the magnetism of nanotube arrays and its dependence on geometry, as well as theoretical modeling of the magnetization reversal in such structures.
